Objective. Artifacts from gas bubble formation during radio frequency ablation along with the poor intrinsic contrast between normal and treated regions (zone of necrosis) are considerable problems for the visualization of the necrotic region on conventional sonography. Sonographic elastography is very effective for visualizing the zone of necrosis, but it uses the same echo signals to estimate strain as those used to form gray scale images. Thus, the impact of gas bubbles on strain images or elastograms must be investigated. Methods. Radio frequency ablation was performed in vitro on liver tissue samples, approximately 40 × 40 × 20 mm, encased in 80-mm cubed gelatin phantoms. Elastograms generated at different instants during the ablation procedures were obtained on a real-time scanner with a 5-MHz linear array. Sequences of elastograms illustrate the growth of the thermal lesion. Results. Degradation of the distal boundary of the thermal lesion was observed. The degradation was confined to the lower-fifth quadrant of the thermal lesion. However, accurate estimates of lesion areas could still be obtained by extrapolation of the thermal lesion boundary. Conclusions. Elastograms of thermal lesions in vitro can be obtained during radio frequency ablation. Some loss of thermal lesion boundary information on strain images was observed in regions where attenuation due to gas bubbles reduced the signal-noise ratio of the echo signals. Key words: ablation; bubbles; elasticity; elastography; elastogram; imaging; radio frequency ablation; sonography; strain. Abbreviations HIFU, high-intensity focused ultrasound; RF, radio frequency maging tissue properties to obtain clinically relevant information about the mechanical characteristics of tissue is an ongoing area of research. 1-11 Tissue elasticity imaging based on sonography can be classified into 2 main groups, depending on the method of application of the mechanical stimulus. One group includes methods in which quasistatic compression 1,2,4,8 is applied to the tissue, and the resulting components of the strain tensor are estimated; the second involves methods in which a low-frequency vibration 3,12 is applied, with simultaneous Doppler sonographic detection of shear waves from reflectors perturbed by the vibrations. The method applied here, termed elastography, 2,4,8 uses quasistatic compressions to generate strain images called elastograms.
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Elastographic techniques have been used previously for imaging high-intensity focused ultrasound (HIFU) lesions in ex vivo liver tissue and have been shown to be effective methods for monitoring the impact of radio frequency (RF) ablative therapy for tumor treatment. 13, 14 However, the ablation and data acquisition protocols during HIFU and RF ablation differ considerably. Many researchers have pointed to the generation of gas bubbles and interaction between therapy and diagnostic imaging beams during HIFU as causes for B-mode image degradation when monitoring HIFU treatments. 15 Previous elastographic visualizations of HIFU-induced thermal lesions were generated after the ablation procedure was complete. 13 , 14 Righetti et al 14 showed an excellent correlation between elastographic depiction of HIFU-induced thermal lesions and pathologic findings, whereas Varghese et al 16 showed agreements between measurements of the dimensions, areas, and volumes of RF-ablated thermal lesions on elastography and on pathologic images.
In elastography, we typically estimate the axial strain (along the direction of insonification and compression) by analyzing ultrasonic signals obtained with standard medical diagnostic sonographic equipment. Frames of RF echo signals acquired before and after a small amount (≈1%) of compression are compared. Differential displacements in small regions are detected by classic time delay estimation techniques. Finally, the strain is computed from the gradient of the tissue displacements.
Elastography has been shown to provide excellent contrast of thermal lesions generated by RF ablation, 4, 16 and it may be a useful imaging modality for monitoring the ablation procedure. However, to our knowledge, the performance of elastographic imaging in the presence of bubbles generated during RF ablation has not been evaluated. Artifacts from gas bubble formation during RF ablation are a considerable problem for visualization of the treated region on conventional sonography. 17, 18 The progressively increasing hyperechoic region caused by formation of gas bubbles during RF ablation does not represent the region of tissue coagulation 19 and generally resolves within 1 hour of ablation. 20 In addition, this region varies in size, and its contours are quite irregular in shape. Bubbles often obscure visualization of the ablation electrode and treated region, thereby increasing the difficulty of electrode repositioning for further treatment.
In this study, we evaluated the performance of elastographic imaging during the RF ablation procedure. The impact of gas bubbles on the performance of a cross-correlation-based strain estimator was assessed. Possible echo signal decorrelation effects associated with gas bubbles are of particular interest because the position and location of bubbles change as new bubbles are formed, and old ones may disappear as the tissue temperature is elevated. Because elastograms are computed from 2 frames of RF echo signals, 1 before and the second after a mechanical stimulus, the position and shape changes in the bubbles caused by the compression and time elapsed between the precompression and postcompression frames are areas of concern. In addition, effects of any increase in attenuation associated with the presence of gas bubbles must also be evaluated.
Materials and Methods
Elastographic imaging was performed on 11 samples of canine liver tissue (obtained from 11 different animals) encased in gelatin blocks. Freshly excised canine liver was obtained and was not degassed before a slice of the tissue specimen was encased in the gelatin phantom. Sections of liver tissue with approximate dimensions of 40 × 40 × 20 mm, along with an attached RF ablation electrode, were encased in 80-mm cubed gelatin blocks. Liver tissue was encased in the gelatin phantom so that it provided a regular surface for compression.
Gelatin phantoms were prepared with 200-bloom calfskin gel at a concentration of 15.4 g/L of distilled water. The gelatin powder was mixed with distilled water and cooked in a double-heated water bath until the gelatin clarified at temperatures around 80°C. After the gelatin solution was clarified, glass beads with a mean diameter of 18 µm were added at a concentration of 1 g of beads per liter of gel; the beads provide Raleigh scattering. The glass beads were mixed with warm distilled water and stirred carefully into the molten gelatin. Molten gelatin was then poured into acrylic molds. First, a layer of molten gelatin about 2.5 cm thick was poured at a temperature of 29°C. This layer was left to congeal for a few minutes before a liver slice with the electrode attached was placed on the layer. The mold was then filled with molten gel at 29°C, and the entire phantom was allowed to congeal for 1 hour. The molds along with the gelatin phantom were then refrigerated for 2 hours. The backscattering from the gelatin phantom and the liver are similar; however, no attempt was made to match the attenuation coefficients. Samples were then removed from the mold and subjected to RF ablation and elastographic scanning.
A RITA model 1500 electrosurgical device (RITA Medical Systems, Inc, Mountain View, CA) was used for these in vitro ablation procedures. The ablation electrode consists of a 15-gauge shaft through which multiple sharp tines, each with a diameter of 0.021 in (25 gauge), can be deployed. Fully extended, the tines are in an "umbrella" configuration at 45°intervals. The last 1 cm of the electrode tip and each tine constitute the electrically active surface. The electrode was inserted into a liver lobe, and the tines were deployed with care taken to keep them within the liver parenchyma. Thermal sensors on each tine provided a real-time readout of the temperature at the central and 4 surrounding locations in the treated tissue.
Sonographic and elastographic imaging was carried out with an SSD-2000 real-time scanner (Aloka Co, Ltd, Tokyo, Japan) and a 5-MHz linear array transducer (40 mm long). Imaging was performed with the image plane oriented perpendicular to the RF ablation electrode axis. Radio frequency ablation of the target tissue was conducted for 10 minutes at a 150-W power level, raising the target temperature to 100°C. The ultrasonic RF signals were digitized with a 12-bit data acquisition board (Gage, Inc, Montreal, Quebec, Canada) at a sampling rate of 50 MHz. For elastographic imaging, the system incorporated a stepper motor-controlled motion/compression system and a compression plate. The compression plate is larger than the phantom surface to provide uniform compression. A personal computer controlled the operation of the system. A schematic diagram of the RF ablation and elastographic imaging process is shown in Figure 1 .
The sonographic scanner provides frame rates of 30 frames per second or an interval of 33 milliseconds between B-mode frames. The interval between the precompression and postcompression RF frames was, therefore, primarily determined by the speed of the stepper motor compression device, which was on the order of 2.5 mm/s. For the 80-mm gelatin cube that encased the liver tissue, the 0.5% compression used represents a compression or deformation of 0.4 mm, requiring a duration of 160 milliseconds. The time elapsed between the precompression and postcompression RF frames for elastography was therefore on the order of 193 milliseconds or approximately 0.2 second.
The interactions of gas bubbles and the increase in both attenuation and speed of sound within the 200-millisecond interval between the data acquisitions could introduce signal decorrelation effects into the RF signals for elastographic imaging. A factor that directly affects the gas bubble formation process and possible cavitation is the rate of temperature elevation from 20°C to 100°C. As shown in Figure 2 , this temperature change required 3.6 minutes or occurred at a rate of 0.37°C/s. The rate of temperature increase during RF ablation appears to be far slower than that observed with HIFU. 15 In addition, the mean sound speed change that occurs in liver during a temperature increase from 25°C to 95°C is 1575 to 1595 m/s, or 20 m/s (1.3%) from 25°C to 60°C, and 1595 to 1570 m/s, or -25 m/s (-1.6%) from 60°C to 95°C. 21 The maximal anticipated change in the speed of sound over the 200-millisecond interval (for a temperature change rate of 0.37°C/s) is approximately 0.04 m/s. This would have a negligible effect on strain measurements for 0.5% compressions applied in this experiment. Techavipoo et al 21 also showed that the variation in the attenuation coefficient with temperature was minimal over the temperature range of 25°C to 95°C.
Elastograms were generated at various times during the ablation procedure with compressive increments of 0.5%. Signal processing was performed offline. The elastograms presented here were obtained with the use of a cross-correlation window length of 3 mm, with a 75% overlap between data segments for computing tissue displacements. 2, 22 Axial strain was estimated as the gradient of these tissue displacements. The strain elastograms were median filtered with the use of a 5 × 5 filter to reduce errors in strain estimates due to peak hopping and jitter.
Results
Temperature readings obtained on the thermosensors of the RF ablation electrode are plotted in Figure 2 . The dotted lines denote the individual temperatures obtained from the tines, and the solid line represents the average value of the 5 temperature readings. Elastograms obtained at different stages in the temperature curve in Figure  2 will be presented in this section to show the growth of the thermal lesion with increasing ablation time. Three distinct regions are identified in the temperature-versus-time curves. Region 1, where the temperature increased from room temperature to the set temperature of 100°C, extended over a period of t = 0 to 3.6 minutes. Region 2 is the 10-minute RF ablation duration used for this experiment, covering the period of t = 3.6 to 13.6 minutes. In this region, the RF generator used the temperature readings from the thermosensors in a feedback mode to maintain an average temperature of 100°C. Finally, region 3 denotes the period from t = 13.6 to 23 minutes, during which cooling of the thermal lesion occurred, with the temperature dropping to around 50°C. We acquired elastographic precompression and postcompression data sets every 0.3 minutes in region 1, every 0.5 minutes in region 2, and at 1-minute intervals in region 3. Acquisition of the elastograms in this manner provided clear visualization of the growth of the thermal lesion because the largest variations in the elastographic depiction are expected near the end of region 1 and the beginning of region 2.
An elastogram obtained before the ablation procedure is illustrated in Figure 3 . All the elastograms presented here are along the same cross-sectional plane of the phantom. Note that the tines of the RF electrode introduce some shadowing artifacts both on B-mode images and elastograms. In addition, a small region representing tissue enclosed by the tines appears to be stiffer (darker on the elastogram) than the surrounding liver seen in Figure 3 . This is probably the result of the tines holding this tissue intact during the applied compression. Also observe the increase in echogenicity in the B-mode sonographic image due to the presence of the tines of the RF electrode. Elastograms obtained in the first region of the temperature profile during the ablation procedure are illustrated in Figure 4 . Note that stiffer regions appear darker, whereas softer regions are brighter in the gray scale elastogram. Changes in the thermal lesion characteristics became noticeable at around t = 2.1 minutes into the ablation procedure, with a progressive increase in the region of coagulated (stiffer) tissue at t = 3 and 3.6 minutes. An average temperature of 100°C was attained at t = 3.6 minutes, with the RF generator from this point maintaining the temperature at 100°C for the ablation duration of 10 minutes.
Elastographic depictions of the thermal lesion during the second region of the temperature curve are presented in Figure 5 . Several abrupt changes in the thermal lesion occurred during the next minute of the ablation procedure, shown in Figure 5 , for the period from t = 3.6 to 4.5 minutes in the top panels. Observe the progressive increase in the size of the thermal lesion especially from t = 4.2 to 4.5 minutes, as shown in the black or darker parts in the elastogram. Gas bubbles were also generated in the tissue once the temperature reached 100°C and was maintained at this level. Elastograms obtained at t = 5, 8, and 12 minutes are shown in the bottom panels. The impact of gas bubbles on the elastographic depiction of a thermal lesion might be expected primarily for images depicted in Figure  5 . Gas bubbles, however, appear to have produced only minor degradations of the elastogram in Figure 5 . The bursting or formation of new bubbles in the ablated region did not notably affect the elastographic depiction of the thermal lesion. However, the increased attenuation due to gas bubbles (shadowing seen in the sonographic images) seems to have had a noticeable impact on the elastograms. The reduction in the signal-noise ratio in the sonographic images produced areas that appear as low-strain or black regions below the thermal lesion. In all 11 samples studied in this manner, the effect of gas bubbles was similar, with shadowing obliterating a small fraction of the distal border of the thermal lesion. Note, however, that the progressive enlargement of the thermal lesion itself with ablation time, as depicted in Figure 5 , can still be visualized. An elastogram obtained at t = 20 minutes during region 3 of the temperature curve is illustrated in Figure 6 . Very little variation in thermal lesion size was observed while the liver specimen in the gelatin phantom was cooling to room temperature. Shadowing artifacts in the corresponding B-mode image suggest that gas bubbles were present during imaging. In addition to the gas bubbles, the thermal lesion itself also exhibits higher attenuation (after the lesion has cooled) than that of normal liver tissue. Both these factors serve to reduce the signal-noise ratio of the RF signals used for strain estimation.
An elastogram obtained 1 day after the ablation procedure is shown in Figure 7 . At this point, any effect of gas bubbles on the elastograms is severely diminished. Observe from the sonographic B-mode image in Figure 7 that, although the contributions due to the bubbles are absent, increased attenuation within the thermal lesion still produces shadowing below the thermal lesion. Note that we also obtained better definition of the thermal lesion 1 day after ablation than had been obtained immediately after ablation, as shown in Figure 6 . The entire thermal lesion can be clearly demarcated in Figure 7 after reduction in the number of bubbles and cooling of the tissue to room temperature. There is excellent correspondence between the thermal lesion, depicted as the dark, low-strain region on the
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Impact of Gas Bubbles on Elastographic Imaging Figure 5 . B-mode sonograms and elastograms during region 2 or the period of constant average temperature of 100°C. Note the increase in the echogenicity in the B-mode images due to the gas bubbles and the shadowing below the thermal lesion (figure continued).
elastogram, and the lesion shown in the gross pathologic image in Figure 8 . Table 1 presents a consensus report from 2 observers on the elastographic depiction of the thermal lesion for all 11 samples in this study. The fraction of the degradation of the elastographic depiction of the thermal lesion boundary distal to the thermal lesion is tabulated in Table 1 for times of t =0, 3.6, 8, 14 , and 20 minutes and 1 day after initiation of ablation. Gas bubbles were not a factor for elastograms obtained 1 day after the ablation and at t = 0, when we primarily observed the shadowing due to the tines of the RF electrode. Note from Table 1 that the shadowing artifacts are confined to less than one fourth of the thermal lesion diameter for most of the time instances. Only 2 of the thermal lesions incurred degradations in boundary delineations that were larger than one fourth of the total boundary, and in both instances boundary delineation improved in the elastograms obtained 1 day after the ablation procedure. In addition, as expected, minimal artifacts are observed for elastograms obtained at t = 0 and 1 day after the ablation.
Discussion
Elastographic imaging of thermal lesions can be performed during the RF ablation procedure, as shown in this study. Partial shadowing of the thermal lesion's distal boundary is seen once gas bubble formation becomes severe. Nevertheless, clinicians would still be able to outline the thermal lesion boundary and to monitor the lesion dimensions. Bubbles formed during in vivo ablation procedures resolve within 0.5 hour after ablation, along with rapid cooling of the heated area due to the physiologic heat transfer process in the body. Therefore, clear elastographic visualization of the thermal lesion likely would be obtained within 1 hour after the ablation procedure. Clinicians may thus be able to assess the success of the RF ablation procedure or the need to perform additional ablation immediately as opposed to waiting a few days to obtain computed tomographic images to ascertain whether the ablation procedure has to be repeated. In vivo techniques for elastographic imaging of thermal lesions in the liver and other abdominal organs have also been reported. 4 The elastograms presented here indicate that the impact of gas bubbles during the ablation procedure on the ability to delineate the thermal lesion is small. Slight degradation of elastographic images was observed in regions where attenuation due to gas bubbles reduced the signal-noise ratio of the echo signals. The degradation was confined to the distal quadrant of the thermal lesion. However, accurate estimates of the thermal lesion area can still be obtained by extrapolation of the thermal lesion boundary.
An important conclusion of this study is that no degradation of the elastogram occurred from motion of gas bubbles or bursting of the gas bubbles during the ablation process. Echo signal decorrelation effects accompanying such changes, if they were present, had a minimal impact on the elastograms. In addition, the results presented here support the premise of minimal decorrelation effects due to any changes in the positions and shapes of the bubbles during the compression used to generate the elastograms. Evidently, the changes in the bubble dynamics would have to be very rapid to induce any measurable negative impact on elastographic image quality. A comparison of the elastograms obtained during ablation ( Figure 5 ) with those obtained after ablation ( Figure 6 ) indicates comparable shadowing at both time points. The results presented in Figures 3-6 indicate that the attenuation produced by the bubbles and the thermal lesion itself perhaps generates more degradation of the elastogram quality than decorrelation due to movement, bursting, or generation of new bubbles. The results also show that the tines in the RF electrode introduce attenuation and cause apparent stiffening of the tissue in the vicinity, as observed in the elastograms obtained before the ablation procedure in Figure 3 .
Although the results presented here are for in vitro ablation, we expect similar results under in vivo conditions. We have previously shown that high-quality elastograms can be obtained during in vivo RF ablation. 23 In general, the temperature increase under in vitro conditions is greater than those under in vivo conditions. In addition, bubbles generated during in vivo ablation would resolve faster because of the heat transport in living tissue. At each time, the number of elastograms of the 11 samples that exhibited a specific level of boundary artifact, quantified by the fraction of the boundary that was obscured, is shown. The data presented were obtained by consensus of 2 observers.
